Green solvents, such as propylene carbonate (PC), can be used in leather processing to improve the efficiency of chrome tanning and reduce wastewater. Here we report a combined small-angle X-ray scattering (SAXS) and differential scanning calorimetry (DSC) study on PC and its efficacy as a carrier medium during chrome tanning. SAXS analysis on the collagen structure of chrome tanned leather using PC, compared to conventionally tanned leather using water, showed an increase in Cr uptake in addition to the more uniform penetration of Cr through the leather cross-section. The increased binding of Cr to the collagen matrix drives the decreased hydration environment of the collagen triple helix. Furthermore, DSC studies show a uniform hydrothermal stability for the PC samples due to the more even distribution of Cr through the collagen matrix. Understanding the mechanisms by which chrome tanning occurs in non-aqueous solvents can guide us towards a more sustainable future for the leather industry.
Introduction
The increasing demand for the leather industry to adopt cleaner carrier mediums due to strict environmental legislation has led researchers to search for non-aqueous alternatives such as those listed in the GlaxoSmithKline (GSK) solvent selection guide [1] [2] [3] . While the role of water in tanning is crucial and should not be underestimated [4, 5] , wastewater management [6] and efficient Cr uptake are issues that still need to be addressed [2, 3] . Non-aqueous solvents are promising alternatives to water treatments as they may allow for 100% Cr uptake and can be more easily recycled, significantly reducing the wastewater produced in the tanning process [2, 3, 7, 8] . Recently, Rao et al. identified the use of many non-aqueous carrier mediums, in particular propylene carbonate, because of its ability to carry out zero discharge tanning with high Cr uptake and comparable hydrothermal stability with conventional leather [7, 9] . Propylene carbonate is a dipolar aprotic solvent which is nontoxic, biodegradable and classified as a volatile organic compounds (VOC) exempt green solvent by the environmental protection agencies of the United States and Europe [7, 10] . When used as a medium for the chrome tanning process, PC has been shown to be recyclable for use in successive tanning batches without any pre-treatment [7] . However the exact mechanism by which chromium sulphate interacts with the collagen molecule in the absence of an aqueous solvent is yet to be investigated.
The mechanism of chrome tanning relies on the formation of a trimeric chromium aquo complex in unbound water before cross-linking with the carboxyl group of the collagen [11] . Chromium is known to interact with the telopeptidyl aspartic and glutamic acid residues in collagen affecting its intermolecular structure. Collagen molecules are aligned in a quarter stagger structure, resulting in repeating gap/overlap regions within the fibrils [12, 13] . Because of its ordered arrangement, molecular level information can be acquired by Xray scattering techniques, including diffraction, to measure the periodicity of the gap/overlap regions (D-period) and the size of collagen fibrils [14] [15] [16] [17] [18] [19] . The interactions between water and collagen play a crucial role in the stability of the triple helix [20] [21] [22] . Changes in the solvent used in leather processing can affect the hydration of collagen and in turn affect its intermolecular structure. In this study we use SAXS and DSC to investigate the molecular level changes in collagen structure during chrome tanning with a non-aqueous green solvent such as PC. SAXS measurements provided information on the changes in axial periodicity and dehydration through the leather cross-section and were analysed in conjunction with Cr uptake and the onset temperature of collagen denaturation.
Experimental

Materials
Pickled grain splits of cattle hide were received from local tannery and transported to the New Zealand Leather & Shoe Research Association (LASRA), Palmerston North for processing in the pilot-tannery. Propylene carbonate (99.7%) from Carl Roth GmbH & Co. Kg, Germany, Chromosal® B (25% Cr 2 O 3 , 33% basicity) from Lanxess, Germany and sodium bicarbonate from SigmaAldrich was used without further modification.
Leather sample preparation
Pickled (pH = 3) grain split bovine hide was treated with basic chromium sulphate (25% Cr 2 O 3 , 33% basicity) at room temperature for 6 h at different concentrations (2%, 4%, 6% and 8%, wt% of the hide) in water or PC with same weight as the hide. After the treatment, leather samples were stored at 4°C prior to SAXS analysis, and the tanning solutions were collected for analysis of Cr uptake using atomic absorption spectrometry (AAS).
Small-angle X-ray scattering (SAXS) measurements
Untanned hide and chrome tanned leather samples were cut into strips of size 20 mm × 1 mm × 3 mm (L × W × H, Scheme 1) and sealed using Kapton tape on both sides to keep the moisture levels constant. SAXS experiments were conducted on beamline 23A1 at the National Synchrotron Radiation Research Centre (NSRRC) in Hsinchu, Taiwan. The measurements were carried out at a 3.232 m sample-to-detector distance with an X-ray energy of 15 keV. The scattering intensity I(q) is presented as a function of scattering vector, q, with q = 4πsin(θ/2), where θ is the angle between incident and scattered radiation. The detailed diffraction peak fitting method is described in the Additional file 1. Relative diffraction peak intensity is calculated as R i/j = A i /A j , where A i and A j stands for the area of peak order i and j.
Differential scanning calorimetry (DSC) measurements
DSC measurements were carried out on DSC Q2000, TA Instruments. Lyophilized samples were rehydrated as well as basified with 0.2 M sodium bicarbonate solution to pH = 4, and then sealed in Tzero aluminium pans overnight, followed by running on the instrument at 5°C/min from 30°C to 120°C under a N 2 purge. Onset temperatures of the endothermic peaks on heat flow curves were taken as the denaturation temperature (T d ) of the sample.
Percentage uptake of chromium
Cr uptake in each sample was measured by Varian SpectrAA 220FS atomic absorption spectrophotometer. The amount of Cr in the tanning solutions after the treatments were also measured using AAS. Hide samples and tanning solutions were treated with an excess of concentrated nitric acid, followed by a mixture of perchloric acid and sulfuric acid to solubilise Cr species. The solutions were then diluted with water and boiled again for 10 min to eliminate the residual oxidising acids. After cooling, the solutions were further diluted and filtered before measurement. The measurements were conducted using an air/acetylene flame with a wavelength of 357.9 nm and a slit width of 0.2 nm.
3 Results and discussion
Chromium uptake from AAS studies
To study the effect of propylene carbonate on the collagen structure of leather, we first treated pickled hide to both water (WT) and propylene carbonate (PC) based chrome tanning at increasing concentrations and studied their uptake using AAS ( Table 1 ). The PC chrome tanned samples had very high uptake (almost 100% within 6 h), compared to the conventional chrome tanned samples (< 70%) and previously reported high exhaustion chrome tanning methods (up to 98% after overnight processing) [23] [24] [25] . Rao et al. observed similar results and attributed the drastic improvement in Cr uptake to the insolubility of chromium sulphate in PC which drives the Cr species into the collagen matrix by the mass transfer from the PC layer surrounding the surface of the hide to the minimal water in it [7, 9] . While in water based systems, the uptake is driven by diffusion and is much slower [7, 9] . Such a mechanistic difference results in the extremely high efficiency in uptake during chrome tanning in PC compared to aqueous systems.
SAXS peak changes with tanning
SAXS experiments were performed on both PC and WT samples (Fig. 1) . To study the role of the solvent in Cr uptake as an event independent of fixation, we conducted SAXS measurements prior to basification. The characteristic scattering from the leather samples is from the long-range order of collagen molecules present in a quarter-staggered arrangement, with repeating gap/overlap regions in a characteristic axial periodicity (D-period) [16, 17] . The scattering profiles for pickled hide treated in both propylene carbonate (PC-0%) and conventional (WT-0%) solvents were similar to each other and exhibited the typical isotropic collagen X-ray diffraction patterns of bovine hide, displaying a series of Bragg peaks arising from the long-range ordered collagen structure [16] . On tanning with chromium sulphate (2% to 8%) for both PC and WT samples, significant changes in the relative diffraction intensities of the Bragg peaks were observed, indicating that the internal molecular structure of collagen had changed during tanning. This can be attributed to the uptake of Cr by the collagen matrix thereby enhancing the electron density contrast of collagen. The introduction of metallic species into the collagen matrix has previously been shown to cause an overall increase in the intensity of the Bragg peaks [26] [27] [28] . At concentrations of 4% to 8% chromium sulphate, the intensity of PC tanned samples (Fig. 1b) were observed to be higher compared to the WT samples, indicating a higher degree of uptake and binding with the collagen matrix. In the WT samples, a decrease in the average D-period with an increase in chrome concentration from 0% to 2% was indicated by the shift in the position of all diffraction peaks to higher q for the WT-2% sample (dashed line, Fig. 1 ). Interestingly, this is contrary to previous reports on chrome tanned hides and skins, where an increase in D-periodicity is observed [14, 18, 19] . This anomaly is ambiguous but we speculate that the discrepancy of D-period changes after chrome tanning emanates from the differences in the intrinsic collagen structure of the hides and skins [13, 19] . The detailed mechanism of collagen D-period changes remains unclear, however, changes in D-period during chrome tanning can be attributed to the reaction of Cr species with telopeptidyl aspartic and glutamic acid residues that disturb the gap/overlap region of collagen [18] . By increasing the chrome concentration from 2% to 8%, no further shift in peak position was observed, indicating the D-period was unchanged and that further binding of Cr in the telopeptidyl regions was no longer possible. In the PC samples, only a slight decrease in the average Dperiod was observed with an increase in chrome concentration from 0% to 2%. This indicates that the binding of Cr to collagen in PC may be mechanistically different to that of conventional chrome tanning in water, resulting in only minor changes in the gap/overlap region of the collagen molecule.
D-period changes through the leather cross-section
To further understand the process by which Cr interacts with the collagen matrix in a PC medium, we studied the changes in D-period through the leather cross-section. In the WT samples (Fig. 2a) , a decrease in the average D-period (through the cross-section) from 65.5 to 63.5 nm was observed with an increase in chrome concentration from 0% to 2%. This observation suggests that when the chrome concentration is increased to 2%, Cr reacts with the telopeptidyl aspartic and glutamic acid residues of collagen, changing the D-period. However, the D-period changes across the cross-section were observed to be non-uniform for the low concentrations to improve gradually at higher concentrations. We speculate that at low concentrations, surface (grain and flesh) fixation of Cr with the collagen molecules prevents the penetration of Cr into the centre region. For the PC samples (Fig. 2b) , the average D-period of untanned skin (PC-0%) was observed to be much lower than the untanned WT samples (WT-0%) and relatively uniform through the leather cross-section. On tanning with 2% chromium sulphate (PC-2%), unlike the WT-2%, no significant change in D-period through the cross-section was observed. However, the D-period was observed to be uniformly distributed through the leather cross-section. Further additions of chrome resulted in no change in D-periodicity but contrary to the WT samples, the axial periodicity for the PC samples were observed to be distributed evenly. This highlights the even penetration of Cr through the leather matrix when using a PC based chrome tanning process.
Changes in R 6/5
The relative intensities of the 6th/5th order peaks (R 6/5 ) give an indication of the level of dehydration of the leather. Previous studies showed that the dehydration of fibrillar collagen resulted in an increase in intensity of the even-order peaks (particularly the sixth) and a decrease in the intensity of odd-order peaks [28] [29] [30] [31] . In the WT samples (Fig. 3a) , R 6/5 values showed non-uniformity across the leather cross-section, especially for 2% chrome concentration which exhibited a U-shaped curve. This non-uniformity improved with increasing concentration. There was a significant increase in the relative peak intensity for 2% to 4% chrome concentration, indicating the increasing dehydration of collagen due to Cr deposition. Chrome concentrations of 4% to 8% had similar R 6/5 values, suggesting there were no further changes in dehydration after 4%.
For the PC samples (Fig. 3b) , R 6/5 was observed to increase with chrome concentration. This indicated the dehydration of the collagen due to the deposition of Cr and displacement of water. R 6/5 values for PC were higher than WT for the corresponding concentrations, suggesting there was more water present in the WT treated leather compared to the PC samples. The greater dehydration of PC can be attributed to the higher Cr uptake for PC relative to the WT samples.
DSC studies
By studying changes in the hydrothermal stability, the effects of Cr binding to the collagen matrix can be investigated. DSC experiments enabled us to study the denaturation temperatures of the leather samples. To highlight the changes in denaturation temperature through the cross-section, samples were basified to pH = 4 to facilitate the reaction of Cr with collagen. At low pH the samples were observed to have no increase in denaturation temperature compared to the pickled sample. For the WT samples, the onset temperature (T d ) of collagen denaturation increased with increasing chrome concentration (Fig. 4a) . Broad irregularly shaped endothermic peaks were observed for all WT samples, especially at lower concentrations of chrome. Broad peaks indicate a wide range of temperatures at which the endothermic event of collagen denaturation occur, highlighting the stabilisation effect by chrome tanning to various extents throughout the cross-section of leather. This can be attributed to the non-uniform penetration of Cr into the cross-section of the collagen matrix. The penetration of Cr through the leather cross-section is governed by the balance of diffusion and the binding of Cr to the collagen matrix, resulting in the centre of the hide having a lower T d compared to the surfaces. The peak width decreased as concentration increased, indicating more uniform penetration of Cr with increased chrome concentration. This was consistent with the D-period, which was found to be non-uniform across the leather cross-section for WT. The uniformity of both T d and D-period improved for WT samples as concentration of chromium sulphate increased. For the PC samples, T d increased with chrome concentration (Fig. 4b) . The PC samples showed slightly higher T d values than WT samples for the corresponding chrome concentrations. The endothermic peaks for the PC samples were also much sharper, indicating a more uniform penetration of Cr into the leather when PC was used. This was also consistent with the D-period which was relatively uniform across the leather crosssection.
Conclusions
Chrome tanned leather using PC had a significantly greater Cr uptake compared to standard leather and has the potential to replace water as the solvent of choice. SAXS analysis of the collagen structure showed an increase in Cr binding for PC samples, which was observed to drive the reduced hydration of the collagen triple helix. An even distribution of Cr through the collagen matrix was also observed in PC samples based on the D-period, supported by the uniform hydrothermal stability from DSC analysis. Fundamental understanding of the effects of recyclable solvents on the chrome tanning process could help reduce its environmental impact and lead to a more sustainable future for the leather industry.
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